The iron-sulfur cluster assembly network component NARFL is a key element in the cellular defense against oxidative stress 
Introduction
Atmospheric oxygen (O 2 ) is essential for higher life forms through its requirement for normal cellular metabolism. However, O 2 is potentially toxic and may in fact be considered "king of toxicants" since many types of toxic insult are known to act through the bioactivation of O 2 to 'reactive oxygen species' (ROS). Yet, atmospheric oxygen is rarely studied as an oxidative stress factor in its own right, except where the application of higher-thannormal levels of oxygen (hyperoxia) in physiology or medicine has met with adverse effects (Eichenwald and Stark, 2008; Davis et al., 2004) . Even in experimental aging research, where the potential role of ROS in the causation of age-related functional decline has inspired many researchers, hyperoxia is only rarely being used as a model agent. Yet, hyperoxia may be uniquely relevant, since cellular exposure to high levels of oxygen causes overproduction of endogenously generated ROS, which is in contrast to more commonly used experimental models where cells are exposed to exogenous sources of superoxide or hydrogen peroxide (Barja, 2013; Benz and Yau, 2008; Liochev, 2013; Gille and Joenje, 1992; Harman, 1956 ).
Oxygen's toxicity at the (sub) cellular level is most conveniently studied in cell cultures, where the ambient oxygen concentration can be controlled more precisely than in cells and tissues residing in the body of an intact animal or human. To learn about cellular mechanisms that help withstand endogenously generated ROS, we have selected genetic variants of cell lines, including two substrains of the commonly used HeLa cell line, with an increased resistance to hyperoxia (80-95% O 2 ), levels that are not tolerated by the parental cells ( Figure S1A ). We hypothesized that characterization of these substrains (HeLa-80 and HeLaS3-95, respectively) might reveal novel strategies that cells utilize to survive under toxic levels of hyperoxia-induced oxidative stress.
Our experimental design was such that the selection for oxygen resistance took place under continuous exposure to stepwise increased sub-lethal levels of oxygen over a protracted period of time, thus allowing the exposed cells to accumulate genetic alterations contributing to oxygen resistance. This approach, using a specific line of HeLa cells (Joenje et al., 1985) , was originally inspired by the discovery made in the late 1970s of dihydrofolate reductase gene amplification underlying the development of methotrexate resistance in cultured murine cells (Alt et al., 1978) . Similarly, amplification of P-glycoprotein-encoding genes was subsequently found responsible for multidrug resistance in mammalian cell lines chronically exposed to various types of chemotherapeutic agents (Riordan et al., 1985) .
Since we followed essentially the same strategy using atmospheric oxygen as the selective agent, we anticipated that components of the antioxidant defense system might appear amplified in the cells that had survived selection. However, as summarized in the initial study characterizing the hyperoxia-resistant HeLa cells, no amplification was observed in any of the obvious antioxidant defense components including CuZn-superoxide dismutase, Mnsuperoxide dismutase, glutathione peroxidase and catalase, so that the actual mechanism of oxygen resistance remained elusive at the time (Joenje et al., 1985) .
The present study was undertaken to search for potentially relevant changes following an essentially unbiased approach, i.e. DNA-and RNA-profiling at a genome-wide scale.
This led to the discovery of NARFL (nuclear prelamin A recognition factor-like), an essential component of the cytosolic iron-sulfur protein (CIA) assembly pathway as a key element in the protection against the toxicity of elevated ambient oxygen.
Material and Methods

Cell culture conditions
The two independently generated hyperoxia-tolerant HeLa cell lines and their sensitive counterparts 
Genomic analysis
Genomic DNA was extracted from the cell lines using NucleoSpin® Tissue kit (MachereyNagel, Germany) according to the manufacturer's protocol. The cell lines were genotyped using Illumina Human610-Quad Beadchip (Illumina, CA, USA). The Beadchips were processed by ServiceXS (Leiden, The Netherlands) according to the Infinium HD Super Assay protocol.
Genotyping analysis was performed using Illumina's GenomeStudio software with the default setting. The GenomeStudio analysis data was subsequently imported into Partek® Genomics Suite™ (Partek Inc, MO, USA) for further copy number variation (CNV) analysis.
Regions different in the tolerant cell lines compared to their sensitive counterparts were reported using segmentation parameters to identify CNV regions with at least 10 genomic markers, a p-value threshold of 0.0005, signal to noise of 0.3 and region report using a p-value threshold of 0.01 and expected range of 1.5.
Transcriptome analysis
To determine differentially expressed genes in the resistant cells compared to the sensitive cells total mRNA was isolated from the cell lines grown under normoxic conditions by using the Nucleospin® RNA II kit (Macherey-Nagel, Germany) according to the manufacturer's protocol. Affymetrix Human genome U133A plus 2.0 microarrays (Affymetrix, CA, USA) were used to determine mRNA expression profiles of the cell lines. The experimental expression profiling procedure was performed by ServiceXS following the Affymetrix protocols. First analysis was also conducted by ServiceXS. To integrate the transcriptome and genomic data both raw data were imported and further analyzed using the Partek® Genomics Suite™ software. A 1-way analysis of variance (ANOVA) was used to identify genes with a fold change of ≥ 2 or ≤ -2 with no multiple correction tests. 
Cell viability assay
To identify genes essential for the hyperoxia-resistance trait the CellTiter-Glo® 
Chromosomal breakage and cohesion defects analysis
Non-targeted and NARFL knockdown HeLa sublines cultured under 20% oxygen and 80% oxygen for 24 h and 72 h were examined for chromosomal breakage and cohesion defects such as rail roads (rr) and premature centromere separation (pcs) using the methods described previously (Oostra et al., 2012; van der Lelij et al., 2010) .
NARFL interacting protein network
We used the STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) web-tool to establish a protein interacting network for NARFL (Jensen et al., 2009) . We subsequently determined which gene ontology (GO) categories were overrepresented using the web-tool DAVID (The Database for Annotation, Visualization and Integrated Discovery) (Huang et al., 2008) . The functional annotation clustering tool was used with a False Discovery Rate (FDR) of ≤ 0.05. Subsequently, redundant GO terms were manually eliminated.
Statistical analysis
All differences were tested for statistical significance by Student's t-test, with the exception of the chromosomal breakage assay. For the chromosomal breakage analysis, differences between the cell lines were tested by comparing their numbers of metaphases with and without breaks, using the Chi-square test, as described (Oostra et al., 2012) .
Results
Chromosomal region 16p13.3 is amplified in two independently selected oxygen-resistant
HeLa sublines
To find potentially important changes associated with the oxygen resistance trait two independently obtained resistant sublines of HeLa cells, HeLa-80 and HeLaS3-95, were subjected to genome-wide DNA and RNA profiling and compared to their parental oxygen-sensitive HeLa strains (HeLa-20 and HeLaS3-20, respectively), paying attention first to the possible presence of genes that might be overexpressed in the resistant variants.
DNA copy numbers and mRNA expression data were compared in the resistant versus the sensitive sublines and the observed changes in expression were correlated with the DNA status. Chromosomal regions were selected with a Copy Number Variation (CNV) of ≥ 3.5
( Figure S1B ) and differentially expressed genes with a fold change of ≥ 2 that correlated with the shared DNA changes. Based on these criteria, one chromosomal region was commonly amplified in the resistant cell lines HeLa-80 and HeLaS3-95 when compared to their sensitive counterparts ( Figures 1A and B ). This region was at chromosome 16p13.3 and encompassed a total of 21 protein-encoding genes that were overexpressed (Table I ). The genes in this region have varied functions and are involved in diverse biological processes.
We hypothesized that this region could harbor a driver gene that supports the cellular capacity to grow under normally toxic levels of oxygen. 
HeLa HelaS3
Gene were generated via a shRNA approach (Table I) . As a read-out for potential increased sensitivity, we determined cell viability using the CellTiter-Glo® Luminescent assay in the HeLa-80 cell line. This approach revealed only one gene that showed a significant reversion (p=0.001) to a more hyperoxia-sensitive phenotype after 5 days of hyperoxia exposure compared to its non-targeted counterpart (Figure 2A ). The responsible gene is NARFL, alias IOP1 (iron-only hydrogenase-like protein 1). The observed fold change for NARFL at the mRNA level was 3.9 and its up-regulation was confirmed at the protein level ( Figures 2C and   E ). To validate NARFL as the driver gene, we investigated the effect of NARFL knockdown in the independently selected HeLaS3-95 cell line, which again led to a significant decrease, (p=0.02) in its resistance to hyperoxia ( Figure 2B ). Its mRNA expression was up regulated to a lesser extent (fold change of 1.9) than in the HeLa-80, while also the effect of knockdown on hyperoxia tolerance was less robust than in HeLa-80 ( Figures 2B and D) . Nevertheless, the increased oxygen sensitivity after NARFL depletion in two independently obtained oxygenresistant cell lines supports a contributing role for this protein in the hyperoxia resistance trait. 
Salvage of Fe-S proteins in the tolerant cells
NARFL is an essential component of the cytosolic iron-sulfur protein (CIA) assembly pathway, involved in the assembly and insertion of iron-sulfur (Fe-S) cluster in cytoplasmic and nuclear proteins. Fe-S clusters have been shown to be exceptionally sensitive to ROS as well as oxygen itself (Imlay, 2006) . NARFL is itself a Fe-S protein and therefore, we first investigated the effect of hyperoxia on NARFL protein levels in HeLa-20 and HeLa-80. After 3 days hyperoxic stress, a 50% decrease in NARFL protein levels was observed in HeLa-20.
There was also a decrease of NARFL in HeLa-80, but to a lesser extent, approximately 40%, while the levels were still higher than in HeLa-20 even under 20% oxygen ( Figure 3A) . A similar observation was made when analysing the non-targeted and NARFL-depleted cell lines, although the effect of hyperoxia on NARFL was more severe ( Figure 3B ). We subsequently analysed the enzyme activity of the cytosolic Fe-S enzyme c-aconitase, an enzyme previously shown to be affected by NARFL knockdown, using an established assay Lee, 2011, 2008) . This would allow us to test our knockdown cell model. Although c-aconitase activity decreased under hyperoxia in both HeLa-80 (56% down) and HeLa-20 (88% down), the remaining c-aconitase activity in HeLa-80 was still significantly higher than in HeLa-20 (p=0.0004) ( Figure 3C ). These results also show that the remaining c-aconitase activity under hyperoxia was NARFL-dependent in HeLa-80 (p=0.01) ( Figure 3D ). These observations support the concept that Fe-S proteins are susceptible to hyperoxia-induced oxidative stress and that the resistant cells have overcome this problem by overexpressing NARFL. We also investigated the protein levels of RTEL1, a Fe-S protein that resides in the nucleus. Under hyperoxia a decrease of RTEL1 was observed, as expected. However, we did observe higher levels in the resistant cells compared to the sensitive cell lines. The negative effect was exacerbated by NARFL knockdown (Figures S2A and B ). These observations suggest that NARFL is active to protect both cytosolic and nuclear Fe-S proteins against hyperoxic inactivation. 
Hyperoxia-induced chromosomal breakage
The connection between oxidative stress and genome maintenance was subsequently investigated. HeLa-20 and HeLa-80 cells were exposed to hyperoxia for a period of 24 or 72 hours versus normoxia as the control condition. The cells were harvested and used to prepare metaphase spreads for microscopic analysis. In the sensitive cells exposed for 72 h to hyperoxia a high proportion of chromosomes had abnormal morphology due to the lack of sister-chromatid cohesion (see next section, below) and were consequently 
Hyperoxia-induced loss of sister-chromatid cohesion
Since the chromosomal breakage analysis had indicated that hyperoxia could also cause loss of sister-chromatid cohesion, we analysed this parameter using the same experimental set-up as used for the breakage analysis. Cohesion defects were scored as railroads "rr" or total premature chromatid separation "pcs" ( (Huang et al., 2008) . In addition to the iron-sulfur cluster assembly and DNA repair biological process, the list of proteins were also found to be associated with processes such as apoptosis, cell cycle and transcription in the case of the human network. For the mouse network, also an association with immune system development was noted (supplementary Tables I, II and III). 
Discussion
In this study we used our two panels of HeLa cells to identify NARFL as a key factor in the cellular defense against hyperoxia induced oxidative stress. Specifically, NARFL appeared to counteract hyperoxia-induced growth inhibition, loss of sister-chromatid cohesion, and loss of cytosolic Fe-S containing c-aconitase activity. Our data confirm and extend the power of an in vitro evolution approach to identify cellular defense mechanisms against (geno) toxic agents (Riordan et al., 1985; Alt et al., 1978) .
NARFL is thought to be involved in the biogenesis of cytosolic and nuclear Fe-S proteins as it forms part of the CIA pathway (Song et al., 2009; Song and Lee, 2008) . Fe-S proteins and the proteins involved in their formation appear to be fundamental elements of cellular processes as many are conserved throughout evolution even with their extreme sensitivity to aerobic conditions (Netz et al., 2014; Alhebshi et al., 2012; Imlay, 2006) . However, the exact role of certain components, including NARFL itself in the CIA pathway is still unclear (Seki et al., 2013) . The current working model connects the CIA pathway with cytosolic aconitase (c-aconitase) activity and its moonlighting protein iron regulatory protein 1 (IRP1), as well as with genomic maintenance processes (Stehling et al., 2013 (Stehling et al., , 2012 .
Previous studies analysing sensitive HeLa-20 and resistant HeLa-80 cells have shown that after 24 h of hyperoxia exposure total aconitase activity is significantly higher in HeLa-80 compared to HeLa-20 (Campian et al., 2004) ; however, no distinction was made between the cytosolic and mitochondrial forms. It has been reported previously that aconitase function might be linked to iron-mediated redox regulation (Narahari et al., 2000) . It could be proposed that maintaining a certain level of aconitase activity under oxidative stress may generate a sufficient NADPH level needed for the electron transfer in the biogenesis of proteins (Netz et al., 2010) . The salvage of c-aconitase activity under hyperoxia, nevertheless, suggests that, somewhat surprisingly, the CIA pathway can still function at relatively high oxygen levels.
That exposure to hyperoxic conditions can cause chromosomal breakage has been known for a long time (Joenje, 1989; Joenje et al., 1981) . However, our observation that in HeLa cells hyperoxia (also) causes loss of sister chromatid cohesion has not been reported before. The outcome that selective pressure resulted in NARFL gene amplification and concomitant overexpression in two cell lines independently, suggests that the involvement of NARFL in cellular protection against oxidative stress is strong and consistent. A direct association of the human NARFL gene and cellular oxygen tolerance has not been reported.
However, such a connection has been made in lower organisms, where a mutation in oxy-4 iron-only hydrogenase-like protein of Caenorhabditis elegans and a deletion of NAR1 in Saccharomyces cerevisiae appear to affect oxygen sensitivity (Fujii et al., 2009) . There are two known human iron-only hydrogenase-like proteins, NARFL (IOP1) and NARF (IOP2). These two proteins are paralogs of each other and do not seem to share a common function (Song and Lee, 2008; Barton and Worman, 1999) . It could be hypothesized that especially NARFL has retained the oxygen defense function during evolution from yeast to higher eukaryotes.
Moreover, the observations in yeast and C. elegans indicate that NARFL's involvement in the defense against oxidative stress is not specific for tumor cells such as HeLa, but may well exist in normal, non-transformed, eukaryotic cells. So far, NARFL has been primarily linked to the maturation of Fe-S proteins in the CIA pathway, while also being a Fe-S protein itself. It has been reported that Fe-S proteins are highly vulnerable to oxidative stress, which agrees with our observations that NARFL protein levels and c-aconitase activity markedly diminish upon exposure of oxygen-sensitive cells to hyperoxia. NARFL levels were, nonetheless, significantly increased in the resistant cells, also under hyperoxia, which was accompanied by partial restoration of c-aconitase activity.
These findings indicate that a protein (network) that is known to be particularly sensitive to oxygen nevertheless has the capacity to adapt to oxidative stress conditions and in that way rescue the viability of cells. Evidently a direct link between NARFL and known oxidative defense mechanisms, such as e.g. superoxide dismutases is not apparent. Somewhat surprisingly, protein network approaches also failed to reveal a connection with this class of proteins. Extension of the network, however, showed a connection between NARFL and proteins of the Fanconi anemia (FA)/BRCA pathway, which is involved in the repair of damaged DNA through homologous recombination. Interestingly, cells derived from individuals with FA have been found hypersensitive to the chromosome breaking effect of hyperoxia (Joenje et al., 1981) . It could be hypothesized that under oxidative stress conditions certain genome maintenance mechanisms, such as sister chromatid cohesion, are being threatened and that NARFL helps to counteract this threat. As an extrapolation of this hypothesis, NARFL with its associated network(s) might be critically involved in counteracting the gradual degeneration of cellular functions during the aging process. 
Term
Count Genes
Benjamini p-value transcription from RNA polymerase II promoter 10 CCL1, MET18, SSL1, SSL2, RAD3, TFB4, KIN28, TFB1, TFB2, TFB3
1.48E-7
4.27E-9
DNA repair 11 MET18, DNA2, SSL1, SSL2, RAD3, TFB4, SGS1, RAD27, TFB1, TFB2, TFB3
1.73E-7
5.81E-9
DNA duplex unwinding 5 SSL1, SGS1, TFB1, TFB2, TFB3
6.61E-6
3.82E-7
iron-sulfur cluster assembly 5 NAR1, CIA1, NBP35, CFD1, DRE2 
